Recording field potentials during learning processes of audio-initiated vocalization by electrodes implanted chronically on the surface and at 2.0-3.0 mm depth of the cerebral cortex and analyzing them seem useful for knowing central nervous mechanisms of the vocalization in the monkey. We have been waiting for an opportunity to record the potentials during the motor learning in a short period, because it usually takes a considerable time (3-6 months) for a naive monkey to be trained well for the vocalization. One of three monkeys, which had been fully trained for the vocalization, was found to be unable to perform the vocalization after electrode-implanting operation. We could record the potentials in the monkey during the process of learning the vocalization again. The learning process of the vocalization partly differed from audio-initiated hand movements previously reported, and there was no skill learning in the vocalization.
Introduction
We thought that studies on cortical involvement in monkey vocal communication would be helpful for clarifying the brain mechanism in human speech.
Monkeys were trained to vocalize in response to auditory stimulus (monkey's coo call) (audio-initiated vocalization), and cortical field potentials associated with the vocalization were studied by the above-mentioned
electrodes. An upward (s-N, d-P) potential (at about 70 ms latency after stimulus onset) was recorded in the rostral bank of the inferior limb of the arcuate sulcus in the left hemisphere, in which an insignificant potential was associated with self-paced vocalizations. An upward (s-N, d-P) slow potential in the motor and somatosensory cortices associated with audio-initiated vocalizations was substantially the same in duration and amplitude as the potential associated with self-paced vocalizations. Reaction times from stimulus onset to vocalization start were variable, but were about 0.9 s on the average (3). The findings suggested that there were some differences between central nervous mechanisms in audio-initiated vocalization and those for reaction-time hand movements previously reported (2, 4, 6, 7, 11) .
In order to investigate the differences in more detail, it seemed significant to study cortical field potentials during the learning processes of the audio-initiated vocalization, and influences of cerebellectomy upon the vocalization. In the present study, three monkeys are tasked with audioinitiated vocalizations, and cortical field potentials associated with the vocalizations are studied by the above -mentioned electrodes . One of them is also studied during the processes of learning the vocalization again after the operation of implanting recording electrodes. Then cerebellar actions on the vocalizations are studied. The results will be discussed in connection with the brain structures concerned with central nervous mechanisms in the audio-initiated vocalization and the audio-initiated hand movement, and how significant the brain structures are.
Materials and methods Three monkeys (Macaca fuscata; 3-5 kg in weight) were used in the present study, and also in a separate study. After the monkeys were trained well for audioinitiated vocalizations for 3-6 months, the operation for implanting cortical potential recording electrodes was performed under general anesthesia with ketamine (7 mg /kg, i.m.) and pentobarbital (30 mg/kg, i.v.). One of the monkeys was found to be unable to perform the audioinitiated vocalization after the operation. While the monkey was again learning the vocalization, cortical field potentials were recorded by chronic electrodes. The right cerebellar hemispheres were ablated in the monkeys, and field potentials associated with the vocalization were compared before and after the operation. All procedures of the present experiments have been approved by the Animal Experimentation Committee, Kansai Medical University.
Most of the experimental procedures were described previously in detail (2, 3, 4, 5) . Cortical field potentials were recorded by silver needle electrodes (0.25 mm in diameter) which were implanted chronically on the surface and at 2.0-3.0 mm depth in various cerebral cortices (in the cerebral gyrus or sulcus; Fig. 1, II) . The indifferent electrodes were placed in the bone behind the ears on both sides. Vocalization was recorded with a microphone placed near the monkeys' mouths. The cortical potentials and vocalizations were averaged usually 100 times by the stimulus onset pulse and/or vocalization onset pulse. After electrophysiological investigations for several months, the monkeys were sacrificed under deep pentobarbital anesthesia (60 mg/kg, i.v.) and the sites of recording electrodes were verified morphologically.
Results
The specimens of cortical field potentials recorded in the face motor area in association with audio-initiated vocalizations are presented on the right side in Fig. 1 .
The data are from a monkey full trained for this vocalization. Field potentials on the surface (S) and at 2.0 -3.0 mm depth (D) , and surface minus depth (S-D) potentials are shown together with vocalization (VOC) and a histogram bf reaction times (RT). A surfacenegative, depth-positive (s-N, d-P) slow potential occurred at about 240 ms latency after stimulus onset. Reaction times were about 900 ms, being considerably variable and longer than those (mean; about 300 ms) in reaction-time hand movements (6, 11) . One of the monkeys could not perform the vocalization task on the first recording day after the operation of implanting electrodes, and was trained again for the task. The monkey came to respond to auditory stimuli with vocalizations in a relatively short time (about 3 weeks) after the start of training. However, intimate and intensive training during the following 2 months did not make the monkey perform the vocalization more quickly and appropriately. Changes in the cortical field potentials during the learning process of audio-initiated vo6lizaticinse are presented in Fig. 2 .
The data in Fig. 2 were recorded in the rostral (A) and caudal (B) banks of the inferior limb of the arcuate sulcus, and the face motor (D) and face somatosensory (E) cortices in the left cerebral hemisphere, and the caudal bank (C) of the arcuate sulcus in the right hemisphere. The learning process is divided into three stages for convenience' sake. On the first training day (stage I), a vague potential appeared in A of the prefrontal cortex ( I , A). Then, 7 days after the first day of training (stage H), an upward (s-N, d-P) potential at a latency of about 70 ms followed an early downward (s-P, d-N) potential in A, while the monkey vocalized independently of the stimulus (II, A). With further training, the upward potential in A gradually increased. In 14 days after the first training day (stage HO, the monkey came to respond to the stimulus with vocalization, as seen in reaction time histogram (Eli, RT). There were only slight changes in potentials in B of the premotor cortex during the learning process. An upward (s-N, d-P) potential was recorded on the first training day in C of the premotor cortex, and the motor (D) and somatosensory (E) cortices. The upward potential was bigger in amplitude at stage HI than at stages I and II ( I C, D and E). After the cerebellar hemispherectomy, 'coo' calls to us or other monkeys, or some vocalization in association potential increased gradually, the monkey came to vocalize in response to stimulus (see Fig. 2 ). The process of learning audio-initiated vocalization was similar to recognition learning in visuo-or audio-initiated hand movements (7, 11) , although the learning process in the present study was strictly speaking a relearning process.
It was shown during the learning process that the upward cerebro-cerebellar interactions (6, 12 ).
The present study showed that the right cerebellar hemispherectomy eliminated the upward (s-N, d-P) premovement potential in the left face motor cortex, and changed vocal tone (see Fig. 3 ). It was previously reported that the elimination of the upward premovement potential in the face motor cortex and change in vocal tone were found in the cerebellectomized monkey performing self-paced vocalizations (5) . In the present paper, it was shown that scarce change was seen in reaction times in audio-initiated vocalizations before and after the operation (see Fig. 3 ). This indicates that there is a great difference between cerebellar actions in audioinitiated vocalizations and hand movements. Behavioral observations showed some differences between the vocalizations and hand movements, too. The correct response rate (correct response number divided by stimulus number) of audio-initiated vocalizations varied greatly from day to day even after the accomplishment of the task, whereas the rate of audio-initiated hand movements increased in connection with the learning processes of the task. This suggests that vocalization is more easily influenced by motivation to perform or not than hand movement.
Cerebro-cerebellar interactions, that is, the prefrontal cortex-pontine nucleus-cerebellum-thalamus-motor cortex neural circuits are activated to skillfully perform audioinitiated hand movements (10) . These neural circuits are also activated to perform audio-initiated vocalizations, but a separate neural circuit may break into these circuits and hinder the skillfulness of the vocalizing movement. 
